Hippocampal activity influences neurogenesis in the adult dentate gyrus; however, little is known about the involvement of the hippocampal circuitry in this process. In the subgranular zone of the adult dentate gyrus, neurogenesis involves a series of differentiation steps from radial glia-like stem/progenitor (type-1) cells, to transiently amplifying neuronal progenitor 
Introduction

Adult neurogenesis occurs in the dentate gyrus of the hippocampus (Altman and
, and its expression has been observed in differentiating adult dentate gyrus progenitor cells (Seki, 2002a (Seki, , 2002b .
A major ascending fiber tract (perforant pathway) to the dentate gyrus originates from entorhinal cortex. These excitatory fibers make synapses with projecting granule neurons as well as local interneurons in the molecular layer of the dentate gyrus. 
Results
Adult Hippocampal Transiently Amplifying
Progenitor, Type-2, Cells Respond to GABA We first investigated the types of neurotransmitter receptors found on type-1 and type-2 cells in the adult dentate gyrus by means of GFP-targeted-patch clump recording. For this purpose, we used nestin-GFP transgenic mice (Yamaguchi et al., 2000) in which GFP proteins are expressed under the control of the nestin promoter and its second intron (Zimmerman et al., 1994), allowing the expression of the transgene (GFP) in both cell types ( Figure 1A) . In fresh hippocampal slices from the nestin-GFP mice, we could easily detect a large number of GFP + cells within the subgranular zone (Figure 1B) . Presumptive GFP + type-1 cells were initially identified microscopically by their radial glia-like processes ( Figure 1C ) and GFP + type-2 cells by their round soma and lack of visible processes ( Figure 1D ). After patching the cells, these two distinct subpopulations were confirmed based on their IR value (type-1 progenitor cells, IR < 0.5 G⍀; type-2 progenitor cells, IR > 0.5 G⍀).
We then investigated whether these progenitor cells respond to GABA, glutamate, or other authentic neurotransmitters. In the case of type-1 cells, we could not detect any currents after focal application of GABA (0%, n = 12), NMDA (0%, n = 11), AMPA (0%, n = 11), or glycine (0%, n = 11) ( Figures 1E, 1F, 1G, and 1H,  respectively) . Surprisingly, however, we detected significant inward currents in most type-2 cells after the focal application of GABA ( Figure 1I ) (90.5%, n = 42). These GABA-evoked currents were completely and reversibly inhibited by bicuculline, a selective GABA A receptor (GABA A -R) antagonist (100% of all GABA-responsive type-2 cells; n = 10), indicating that the responses were mediated by the activation of GABA A -Rs. The doseresponse characteristics indicated an approximate half-maximal response concentration of 230 M for GABA ( Figure 1J ). In contrast, type-2 cells did not respond to the other neurotransmitters: NMDA (0%, n = 14), AMPA (0%, n = 10), and glycine (0%, n = 11) (Figures 1K, 1L, and 1M, respectively) , suggesting that an analysis of the physiological role of GABAergic inputs to type-2 cells would lead to a better understanding of the mechanisms regulating activity-dependent adult neurogenesis.
In order to clarify the nature of the type-2 cells, we also characterized them immunohistochemically after the recording session. As shown in Figure 2A Based on these data, we can confirm that type-2 cells are actively dividing progenitor cells. Give that our electrophysiological studies have also revealed that these cells express functionally active GABA A receptors, our findings raise the intriguing possibility that GABAergic neural inputs exist on actively dividing type-2 cells and that these putative neural connections could be affecting the differentiation of adult progenitor cells.
GABAergic Inputs onto Type-2 Cells
Next, we investigated whether type-2 progenitor cells receive GABAergic inputs from the hippocampal circuitry. In whole-cell recordings of type-2 cells, we found several spontaneous currents ( Figure 3A ). If these currents result from neural inputs, their frequency should be increased by the application of 4-aminopyridine (4-AP), a K + -channel blocker that augments transmitter release (Hennou et al., 2002) . This was shown to indeed be the case; the frequency of mEPSC-like currents was substantially increased by the addition of 4-AP (100 M; n = 12). These currents were completely abolished by tetrodotoxin (TTX; n = 3/3) ( Figures 3B-3C ), indicating the involvement of voltage-dependent Na + channels. The 4-AP-induced currents were also blocked by the addition of bicuculline (n = 4/4) ( Figures 3D-3E In the dentate gyrus, interneurons are significantly activated during theta range oscillations driven by neuronal inputs from entorhinal cortex. Therefore, we asked whether GABAergic inputs on type-2 progenitor cells could be evoked by theta-burst oscillatory stimulation of the perforant pathway. Although a single stimulation of the perforant pathway did not evoke any cur- Figure 4E , the bath application of carbachol triggered GABA A -R-dependent mEPSC-like currents in type-2 cells. In support of this result, it has been reported that cholinergic terminals innervate the hilar region of the dentate gyrus (Dougherty and Milner, 1999). From these observations, it can be concluded that type-2 cells could receive GABAergic inputs from hippocampal interneurons, which could be activated by theta-range oscillatory hippocampal-network activity ( Figure 4F Figures 5A and 5B, we identified nestin-GFP expressing type-2 as well as type-1 cells. We also observed some terminal-like structures close to the surface of the type-2 cells, which were identified by their GFP staining ( Figure 5B#) . Using confocal microscopy, we found that GABAergic terminals lay in close apposition to type-2 cells, as evaluated by the expression of the vesicular type of GABA transporter (VGAT) at the putative GABAergic terminals (Figures 5C-5G ). These observations strongly suggest that type-2 cells receive some terminals from hippocampal GABAergic interneurons. ronal differentiation and that this GABAergic stimulation consequently enhances adult hippocampal neurogenesis. In this experiment, we did not observe any significant difference in the number of total BrdU-labeled new neurons between control and GABA A -R antagonist group.
GABA Depolarizes
Discussion
GABAergic Inputs on Adult Progenitor Cells in Dentate Gyrus
A surprising result of the present study was that in the adult dentate gyrus, even a progenitor cell receives neural inputs from the surrounding hippocampal circuitry. Interestingly, this input was GABAergic but not glutamatergic. This is perhaps not so strange given that during early hippocampal development, GABAergic synapses form prior to glutamatergic ones ( matergic and cholinergic systems, penetrate into the subgranular zone of the adult dentate gyrus, only GABAergic terminals make functional contact with adult progenitor cells. This might reflect the characteristics of GABAergic neurons, which tend to connect with immature cells. Although we did not obtain any information to elucidate the nature of the putative GABAergic interneurons that send axons to type-2 cells, probable candidates may well be the basket cells or axo-axonic cells described by Freund and Buzsaki (1996). Such GABAergic interneurons receive neural inputs from perforant pathways and send their axons widely throughout the subgranular zone of the dentate gyrus (Kneisler and Dingledine, 1995). It is therefore reasonable to presume that neuronal progenitor cells located in the subgranular zone make connections with hippocampal GABAergic interneurons. Participation of the GABAergic system in the regulation of neurogenesis in the adult dentate gyrus has received only minimal attention to date. Given that the response of progenitor cells has been shown to be GABA-specific, GABAergic connections between these cells and GABAergic interneurons serve as the only form of neural input from the surrounding hippocampal circuitry. From the present data, it can be concluded that GABAergic interactions are the source and target of the first neural contacts formed in the hippocampal neuro-germinal zone and that GABA-mediated transmission promotes neuronal differentiation in this area. it is reasonable to assume that the putative interaction between GABAergic interneurons and adult progenitor cells is somehow involved. Interestingly, the frequency of GABAergic inputs in type-2 progenitor cells is increased by application of carbachol. It has been reported that acetylcholinergic fibers from basal forebrain penetrate to this area and that these could be involved in the generation of a typical neuronal oscillation (Lee et al., 1994) In our study, we also found that stimulation of the perforant pathway by using a theta-burst protocol elicited inward currents in type-2 progenitor cells, probably because of the release of GABA from the evoked GABAergic interneurons. Taken together, our data suggest that when these oscillations appear during exploratory behaviors and memory processing, the release of GABA toward dividing type-2 progenitor cells is increased, subsequently promoting their neuronal differentiation. Indeed, it has been demonstrated that hippocampal-dependent learning tasks sometimes decrease the number of proliferating cells in the adult dentate gyrus (Dobrossy et al., 2003) in situations in which neural activity might encourage the terminal differentiation of hippocampal progenitor cells into neurons. Furthermore, environmental enrichment has been proposed to have a neurogenic effect early in neuronal development in the adult dentate gyrus (Kronenberg et al., 2003) . These findings suggest that hippocampal GABAergic activity would be elevated in animals exploring enriched environments.
GABAergic Excitation as a Regulator of Adult Neurogenesis
Regulation of Adult Neurogenesis by Hippocampal Network Activity
Conclusion
The discovery that neurogenesis occurs in the adult mammalian hippocampus has been a breakthrough in modern neuroscience, with various studies suggesting that adult hippocampal neurogenesis is involved in memory and emotion ( After the recording session, the patch electrode was carefully removed from the cell, and the slice was fixed overnight at 4°C in 4% paraformaldehyde (PFA) in phosphate buffered saline (PBS). Immunohistochemistry with antibodies against PSA-NCAM or Ki67 was performed on free-floating slices as described below. BrdU Labeling and GABA A -R Agonist/Antagonist Administration For experiments involving treatment with GABA A -R agonist or antagonist, 8-week-old mice were used. To investigate the specific effect of GABA A -R agonist/antagonist treatment on cell proliferation, we treated animals once daily for 3 days with an injection (i.p.) of phenobarbital (80 mg/kg in saline; n = 4), pentobarbital (50 mg/ kg in saline; n = 4), pentylenetetrazole (40 mg/kg in saline; n = 4), picrotoxin (5 mg/kg in saline; n = 4), or saline (control; n = 4). 24 hr after the last treatment, animals were given 100 mg/kg BrdU (see Figure 8A) ; one day later, they were perfused, and the brains processed for immunohistochemistry.
Organotypic Slice Culture
Animals received a single injection of BrdU to investigate the effect of GABA A -R agonist/antagonist treatment on cell differentiation. 24 hr later, they were started on a chronic regimen of phenobarbital (n = 4), pentobarbital (n = 4), pentylenetetrazole (n = 4), picrotoxin (n = 4), or saline (n = 4) once every 24 hr, totaling seven administrations (see Figure 8D ). 4 weeks (28 days) after the BrdU injection, animals were perfused, and the brains processed for immunohistochemistry.
A modified unbiased stereology protocol that has previously been reported as successfully quantifying BrdU labeling (West, 1999; Malberg et al., 2000) was used. Serial sections were cut (40 m sections) through the entire hippocampus. Every sixth section was processed for multicolor immunohistochemistry with Z-plane sectioning to confirm the colocalization of BrdU and each marker: GFP, PSA-NCAM, or calbindin. All BrdU-labeled cells located in the granule cell and subgranular layers were counted in each section by an experimenter blinded to the study code. At least eight sections per animal were examined, and the total number of BrdUlabeled cells per animal was determined and multiplied by six to obtain the total estimated number of cells per dentate gyrus. We carefully counted the number of BrdU-labeled cells within clusters and omitted cells in the outermost focal plane.
Statistical Analysis
Data were expressed as mean ± SEM. The statistical significance of the difference between means was assessed by an unpaired two-sample Student's t test, with the level of significance being set at p < 0.05.
Immunoelectron Microscopy
Mice were perfused with PBS followed by 4% PFA containing 0.1% glutaraldehyde in PB at room temperature. The brains were postfixed overnight in 4% PFA in PB at 4°C. The 50-m vibratome sections of the hippocampus prepared as described above were incubated with rabbit anti-GFP (1:500) for 48 hr at 4°C and then with peroxidase-conjugated goat polyclonal anti-rabbit IgG (1:100) for 1 hr. The sections were incubated with a 3,3#-diaminobenzidine tetrahydrochloride (DAB) solution for 15 min and then with a DAB solution containing 0.005% H 2 O 2 for 10-15 min. Finally, they were postfixed with 1% OsO 4 in PB, dehydrated, and embedded in Epok 812. Thin sections (80 nm) were mounted on uncoated grids, stained with lead citrate, and examined by electron microscopy (JEM-1230, JEOL, Tokyo, Japan; H7600, Hitachi, Tokyo, Japan).
